M
ITOCHONDRIA play many important roles in the function of cells. For example, through oxidative phosphorylation, mitochondria are responsible for the production of ;90% of the adenosine triphosphate (ATP) used for cellular functions (1) ; mitochondria are involved in the initiation of the intrinsic pathway of apoptosis (2) ; and mitochondria modulate calcium homeostasis involved in cell signaling (3) . During the production of ATP, which is generated from the reduction of molecular oxygen, mitochondria are a major source of reactive oxygen species (ROS) in cells, and ROS have been implicated in a variety of chronic diseases such as atherosclerosis, emphysema, heart disease, neurodegenerative disease, and cancer (4, 5) .
Over the past three decades, a large amount of evidence has accumulated indicating that mitochondria play a role in aging (6) (7) (8) (9) . For example, the activities of the mitochondrial electron transport chain complexes isolated from a variety of tissues in several species are reported to decrease with age (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Relevant to this alteration in electron transport chain activity, tissue-specific ATP content and production also are reported to decrease with age in mammals (22) . In addition, both the rate and the sensitivity of induction of the permeability transition in response to calcium are shown to increase with age in mitochondria isolated from several tissues (23) (24) (25) . Furthermore, mitochondria are observed to change with age by a decline in the level of mitochondrial transcription (26) (27) (28) (29) , a decline in metabolite transport (30, 31) , a decline in proteolytic activity (32, 33) , and an increase in mitochondrial DNA mutations (34, 35) . In addition to alterations in function, the generation of ROS by mitochondria appears to increase with age. For example, an age-related increase in ROS production by mitochondrial and submitochondrial particles has been observed in insects and mammals (36) (37) (38) .
Caloric restriction (CR), where rodents are fed 30%-40% fewer calories than their ad libitum-fed littermates, is shown to extend the maximum life span 30%-50% and to retard both the rate of biological aging and the development of age-associated diseases (39) (40) (41) (42) . Although the molecular mechanism underlying effects of CR on aging remains to be determined, it has been argued that the alteration of mitochondrial structure and function by CR could play an important role in the anti-aging mechanism of CR (43) . For example, CR retards the age-related decrease in mitochondrial electron transport chain activities (14) , and several investigators report that CR reduces superoxide and/or hydrogen peroxide generation by mitochondrial and submitochondrial particles (37, (44) (45) (46) .
Although there is a great deal of evidence for changes in mitochondrial function with age and for ability of CR to retard some of these changes, there is very little information on the mechanism responsible for the age-related changes in mitochondrial function. Because proteins play a critical role in the structure and function of cells and organelles, agerelated alterations in the mitochondrial proteome could be important to mitochondrial function. The mitochondrial proteome is thought generally to consist of 1000-3000 proteins (47) . Using high-resolution 2-D PAGE, we have undertaken a comprehensive analysis of the mitochondrial proteome to study the effects of aging and CR on mitochondrial proteins obtained from rat liver, heart, and skeletal muscle. It should be noted that we have focused on the soluble mitochondrial proteins, and have successfully identified ;25%-50% of the mitochondrial proteome, based on the predicted range of the total proteins in the mitochondrial proteome. It is well known that current 2-D PAGE technology is unable to resolve large hydrophobic proteins, such as membrane proteins, and is also limited in the detection of very low abundance proteins. Resolution and identification of these proteins will require further technological advances in proteomics research.
MATERIALS AND METHODS

Materials
Immobiline DryStrip Gels (IPG; pH 3-10, 13 cm), IPG buffer, urea, DryStrip cover fluid, bromophenol blue, PlusOne 2-D Quant Kit, and DTT (dithiothreitol) were purchased from GE Healthcare (Piscataway, NJ). SDS (sodium dodecyl sulfate), Tris-base, glycine, 30% acrylamide/bis solution (37.5:1), TEMED (N, N, N9, N9-tetramethylethylenediamine), and ammonium persulfate were purchased from Bio-Rad (Hercules, CA). CHAPS (3-[(3-cholamidopropyl)-dimethyammonio]-1-propane sulfate)) was obtained from Anatrace (Maumee, OH). Iodoacetamide, mannitol, sucrose, HEPES (N-(2-hydroxyethyl) piperazine-N9-(2-ethanesulfonic acid), trifluoroacetic acid, and glycerol were obtained from Sigma (St. Louis, MO). Sypro Ruby protein gel stain was obtained from Molecular Probes (Eugene, OR), and trypsin was purchased from Promega (modified; Madison, WI).
Animals and Diet
Female Fischer 344 rats at 6-7 months (young) and 24-25 months (old) of age, fed ad libitum or a CR diet, were obtained from the National Institute on Aging colony maintained by Harlan Sprague Dawley (Indianapolis, IN). CR was initiated at 14 weeks of age at 10% restriction, changed to 25% restriction at 15 weeks, and to 40% restriction at 16 weeks, at which time it was maintained throughout the life of the animal. The rats were housed one per cage and were maintained under barrier conditions on a 12-hour dark/light cycle. Rats were decapitated in the morning of each collecting date to minimize variations, and then the hearts, livers, and skeletal muscles (gastrocnemius muscle) were excised immediately. All procedures for handling the animals were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio and the Subcommittee for Animal Studies at the Audie L. Murphy Memorial Veterans Hospital.
Isolation of Liver Mitochondria
Mitochondria were isolated according to the method of Johnson and Lardy (48) . The liver was homogenized in icecold homogenization buffer consisting of 250 mM mannitol, 75 mM sucrose, 0.5 mM EGTA, 0.1 mM EDTA, and 10 mM HEPES by using a Potter-Elvehjem glass homogenizer with a teflon pestle. Homogenates were centrifuged at 1000 3 g for 12 minutes to remove cell debris, and the supernatants were centrifuged at 10,000 3 g for 15 minutes to obtain mitochondrial pellets. The resulting mitochondrial pellets were resuspended in homogenization buffer with 0.02% bovine serum albumin and centrifuged at 10,000 3 g for 15 minutes. The pellets were then resuspended in homogenization buffer without EGTA and centrifuged at 10,000 3 g for 15 minutes. This step was repeated once more. All isolation procedures were performed at 48C. The resulting mitochondrial pellets were solubilized in lysis buffer consisting of 8 M urea, 4% CHAPS, and 40 mM Tris base, and then were centrifuged at 70,000 3 g for 10 minutes. The supernatant, which contained the liver mitochondrial proteins, was stored at À808C in various aliquots. Aliquots of supernatant were taken for 2-D PAGE, and the protein concentration of the mitochondrial aliquots was determined using a PlusOne 2-D Quant kit.
Isolation of Heart Mitochondria
Mitochondria were isolated as previously described (49) . Heart tissue was homogenized in the same homogenization buffer used for isolation of liver mitochondria, with the addition of 0.02% nagarase, using a Potter-Elvehjem glass homogenizer. Bovine serum albumin (0.5%) was added to the homogenate, and the mixture was centrifuged at 1000 3 g for 5 minutes. The resulting supernatant was centrifuged at 10,000 3 g for 5 minutes to obtain mitochondrial pellets, which were then resuspended in homogenization buffer without EGTA. This step was repeated again, and the pellets were solubilized in lysis buffer as previously described for isolation of liver mitochondria.
Isolation of Skeletal Muscle Mitochondria
Mitochondria from skeletal muscle of rats were isolated as described by Chang and colleagues (50) . Briefly, the gastrocnemius muscles from rats were excised and incubated with 3 mg of nagarase/g tissue for 5 minutes in Chappell-Perry buffer containing 100 mM KCl, 50 mM Tris-HCl, 5 mM MgCl 2 , 1 mM EDTA, and 1 mM ATP. The muscles were homogenized in prechilled Chappell-Perry buffer using a Potter-Elvehjem glass homogenizer with a teflon pestle. The homogenate was diluted with ChappellPerry buffer and centrifuged at 600 3 g for 10 minutes. The resulting supernatant was centrifuged at 14,000 3 g for 10 minutes. The mitochondrial pellets were suspended in modified Chappell-Perry buffer containing 100 mM KCl, 50 mM Tris (pH 7.5), 1 mM MgCl 2 , 0.2 mM EDTA, and 0.2 mM ATP, and were centrifuged at 7000 3 g for 10 minutes. Mitochondrial pellets were then resuspended in a half volume of modified Chappell-Perry buffer and centrifuged at 3500 3 g for 10 minutes. The resulting mitochondrial pellets were dissolved in lysis buffer and handled as described above for liver.
2-D PAGE
The procedure used for 2-D PAGE was previously described by Chang and colleagues (50) . Mitochondria extracts (100 lg of protein) were rehydrated in rehydration buffer containing 0.5% IPG buffer, 8 M urea, 0.5% CHAPS, a trace of bromophenol blue, and 20 mM DTT. Then, isoelectric focusing was performed using the IPGphor IEF System (GE Healthcare). The gel strips were then equilibrated twice for 15 minutes with gentle shaking in 7 mL of equilibration solution containing 50 mM Tris-HCl buffer, 6 M urea, 30% glycerol, 2% SDS, and a trace of bromophenol blue. DTT (1% wt/vol) was added to the first step, and iodoacetamide (2.5% wt/vol) was added to the second step. Electrophoresis in the second dimension was carried out using 12.5% polyacrylamide gels and the Ettan Dalt II large vertical system (GE Healthcare).
Visualization of Proteins and Analysis of 2-D Gels
The gels were stained using SYPRO Ruby gel staining solution, and the intensity of the protein spots on the gels was determined by scanning the gels with excitation at 532 nm and emission filter of 610BP30 using a Typhoon 9400 variable mode imager (GE Healthcare). The detection of spots on gel images, background subtraction, and matching of spots over gels were performed using the ImageMaster 2D Elite version 4.01 software (GE Healthcare) as described previously (50) . Spot volumes (intensities), corresponding to pixel intensities integrated over the area of each spot, were then subjected to logarithmic transformation and quantile normalization using R and packages implemented in R (biobase and affyPLM). Differential analysis of the data was performed using limma (linear models for microarray) implemented for the R computing environment (51) . For differential analysis, we conducted all pairwise comparisons among the three groups (young rats fed ad libitum vs old rats fed ad libitum, old rats fed ad libitum vs old rats fed a CR diet, and young rats fed ad libitum vs old rats fed a CR diet). The limma function eBayes computes a moderated t statistic for each contrast. The moderated t statistic uses an empirical Bayesian shrinkage estimator for the variance term in the denominator of the statistic, which shrinks the nominal variance for a particular comparison toward the pooled variance across all genes. This computation effectively reduces the dependence of the variance for a particular gene on its mean expression value. We used the false discovery rate method to compute an adjusted p value for each gene (52) . Then the differences in the levels of each of the proteins for each of the comparisons were rank ordered according to their log odds of being differentially abundant (B statistics). The proteins showing significant differences with a p value less than .01 for each comparison were selected and Venn diagrams showing the numbers of proteins significant in each comparison were constructed. All of the proteins significant in the three pairwise comparisons showed relatively high B statistics and were well separated from most of the data in a volcano plot.
Identification of Proteins
Spots of interest were excised from the gel using ProteomeWorks Plus Spot Cutter System (Bio-Rad) and were digested in situ with trypsin. The proteins were concentrated and purified further using a Montage In-Gel Digest kit (Millipore, Billerica, MA). The resulting digests were analyzed by mass spectrometry, either a matrix absorption laser desorption ionization-time of flight mass spectrometer (MALDI-TOF/MS; Applied Biosystems Voyager DE-STR; Foster City, CA) a MALDI-TOF/TOF/MS (Applied Biosystems 4700 proteomics analyzer), or a capillary-high-performance liquid chromatography-electrospray ionization tandem mass spectrometer (HPLC-ESI/MS/MS; Thermo Finnigan LCQ; Waltham, MA). Spectra by MALDI-TOF/MS were generated by the summation of 100 laser shots. Internal calibration was achieved by analysis of the peaks obtained from trypsin autolysis. The peptide mass maps produced by MALDI-TOF/MS were searched against the published databases by means of Profound (http://www.unb.br/cbsp/paginiciais/profound.htm) and Mascot (Matrix Science, http://www.matrixscience. com). For the protein search, a mass tolerance of 50 ppm and 1 missing cleavage site for MALDI-TOF/MS were allowed, and the oxidation of methionine residues was considered. The probability score calculated by the software was used as the criterion for correct identification of protein.
Proteins that could not be identified by MALDI-TOF/MS were subjected to analysis using MALDI-TOF/TOF-MS/ MS and HPLC-ESI/MS. An MS/MS tolerance of 50 ppm for parental ion and 0.3 Da for fragmented ion with one missing cleavage site was allowed, and the oxidation of methionine residues was taken into consideration. Again, the probability scores calculated from software were used as a criterion of identification by MALDI-TOF/TOF/MS. HPLC-electrospray ionization mass spectrometry (HPLC-ESI/MS) was performed on a Thermo Finnigan LCQ, which has been adapted for microspray ionization. Online HPLC separation of the tryptic peptides generated by in situ digestion of each SDS-PAGE spot of interest was accomplished with a Michrom MAGIC 2002 micro HPLC column, PicoFrit (75 lm i.d.; New Objective, Woburn, MA) packed to 10 cm with C18 adsorbent (218MSB5 5 lm, 300 Å ; Grace Vydacs; Hesperia, CA) mobile phase A ¼ 0.5% acetic acid/0.005% trifluoroacetic acid (TFA); mobile phase B ¼ 90% acetonitrile/0.5% acetic acid/0.005% TFA; linear gradient of 2%-72% B in 30 minutes; flow rate ¼ 0.4 lL/ min. As a part of the data-dependent acquisition protocol, the four most intense ions in each survey scan were sequentially fragmented in the ion trap by collision-induced dissociation (CID) using an isolation width of 2.5 and a relative collision energy of 35%. MS/MS spectra were searched by the SEQUEST component of the LCQ software and by MASCOT (Matrix science) using the mammalian database of Swiss-Prot or The National Center for Biotechnology Information (NCBI). Mass tolerance was set at 100 ppm for the parental ion and 0.5 d for the fragmented ion with one missing cleavage site was allowed, and the oxidation of methionine residues was taken into consideration. Proteins containing at least one significant peptide were selected from the search results. Assignment of the MS/MS fragments was verified by comparison with the predicted ions generated in silico by GPMAW (Lighthouse Data, Odense, Denmark).
RESULTS
Using 2-D PAGE, we studied the effects of aging and CR on the mitochondrial proteome. Representative patterns of 2-D PAGE gels of proteins obtained from mitochondria isolated from the liver, heart, and skeletal muscle of Fischer 344 rats are shown in Figure 1 with the protein spots that changed significantly with age and/or CR identified. Figure  2 presents the Venn diagrams showing the proteins that changed in the three groups: young rats fed ad libitum Figure 1 . Representative 2D-PAGE gels of mitochondrial proteins. Mitochondria were obtained from liver (A), heart (B), and skeletal muscle (C), and 100 lg of mitochondrial protein was subjected to two-dimensional polyacrylamide gel electrophoreses (2-D PAGE) and stained with Sypro Ruby as described in the Materials and Methods section. The photographs of the resulting gels are shown with the spot identification number of proteins that were observed to change significantly with age or calorie restriction. The gels are oriented with acidic proteins (left) and basic proteins (right). High-molecular-weight proteins are near the top of the gel, whereas low-molecular-weight proteins are near the bottom.
(YAL), old rats fed ad libitum (OAL), and old rats fed a CR diet (OCR). The protein spots that were observed to change significantly ( p . .01 level) with age and/or CR were determined by applying the linear model and empirical Bayes method using the limma package implemented in R as described in the Materials and Methods section. Three pairwise comparisons were made: YAL and OAL, OAL and OCR, and YAL and OCR. Thirty of the 795 mitochondrial proteins analyzed in the livers of rats changed with age and/ or CR. Twenty-five of these 30 mitochondrial proteins changed with age in rats fed ad libitum, and 18 of these proteins also were significantly different between young rats fed ad libitum and old rats fed the CR diet. Only 5 of the 30 proteins showed changes between young rats fed ad libitum and old rats fed the CR diet. In the heart, 10 mitochondrial proteins of the 757 proteins resolved by 2-D PAGE showed a significant change with age or CR. Three of the 10 protein spots changed between young and old rats fed ad libitum and between young rats fed ad libitum and old rats fed the CR diet. Four of 10 proteins were significantly altered by CR, and two of these proteins also changed with age. In skeletal muscle, 8 of 517 mitochondrial proteins resolved by 2-D PAGE changed with either age or CR. Five of the eight proteins changed with age in ad libitum-fed rats, and three of the eight proteins also showed changes between young rats fed ad libitum and old rats fed the CR diet. One mitochondrial protein changed with CR. Figure 3 shows the effects of age and CR on the levels of the 30 proteins that changed significantly in the mitochondria isolated from liver. Of the 25 proteins that changed with age, 19 increased and 6 decreased. The increase in expression with age ranged from 45% (#1561) to 300% (#1792), and the decrease in expression ranged from 39% (#351) to 71% (#398). Interestingly, of the proteins that changed with age, only one (#180) was significantly altered by CR. This protein showed a 68% increase with age, which was completely prevented by CR. The five other proteins that increased with age (#1792, #805, #1236, #1345, and #1010) showed a similar trend, an increase with age and reduced expression in the old CR animals. However, the change with CR was not statistically significant for any of these proteins. CR had no effect on the expression of the six proteins that were shown to decrease with age.
The effects of age and CR on the levels of the 10 proteins that changed significantly in the mitochondria obtained from heart are shown in Figure 4 . Of the three proteins that changed with age in rats fed ad libitum, one protein (#536) increased 94% and two decreased [19% (#248) and 44% (#353)] with age. CR resulted in an approximate 40% (#367) to 60% (#345) decrease in the levels of three proteins and a 100% increase in the level of protein (#1259). In skeletal muscle, all five of the mitochondrial proteins altered with age were increased in old rats compared to young rats, ranging from 70% (#1112) to 300% (#1116) ( Figure 5 ).
The identities of 36 of the 48 mitochondrial proteins that changed with age and/or CR in the three tissues studied were determined by MS as described in the Material and Methods section, and the names of these proteins are listed in Table 1 for liver, Table 2 for heart, and Table 3 for skeletal muscle. Using MitoProt II as a predictor of mitochondrial proteins, we found that 12 of the proteins listed in Tables 1, 2 , and 3 that changed with age and/or CR were proteins annotated as nonmitochondrial proteins; that is, based on sequence of the proteins, there is a low probability (less than 70% using MitoProt II) that the proteins are targeted to the mitochondria. It is not surprising that nonmitochondrial proteins were present in our preparation given that we did not conduct an extensive Figure 2 . Venn diagrams showing the mitochondrial proteins that changed with age and/or caloric restriction (CR). Proteins from the mitochondria isolated from liver, heart, and skeletal muscle of young rats fed ad libitum (YAL), old rats fed ad libitum (OAL), or old rats fed a CR diet (OCR) are shown. In the liver, 795 proteins were compared and 30 proteins were observed to change significantly with age and/or CR. In the heart, 757 proteins were compared and 10 proteins were observed to change significantly with age and/or CR. In skeletal muscle, 517 proteins were compared and 8 proteins were observed to change significantly with age and/or CR. Each Venn diagram shows the interactions among the proteins that change with age and/or CR.
purification of the mitochondria because we did not want to lose potential mitochondrial proteins that might change with either age or CR during mitochondrial isolation. We found multiple proteins in two spots that were observed to change with age, these spots are shown in Table 1 . The one mitochondrial protein, the age-related change of which was reversed by CR, was identified as 10-formyltetrahydrofolate dehydrogenase.
DISCUSSION
This study represents the first comprehensive analysis of the effect of age on the mitochondrial proteome. Mitochondria isolated from the liver, heart, and skeletal muscle of female Fischer 344 rats were studied to determine whether there are common proteins and pathways affected by aging in the mitochondrial proteome of three different tissues. Mitochondria were isolated from the tissues of female Fischer 344 rats, ages 6-7 months (young) and 24-25 months (old), fed ad libitum or a CR diet. Rats at the age of 6-7 months were used to avoid the effects of developmental changes, and rats at the age of 24-25 months were used because this is the approximate mean life span of Fischer 344 rats (53) . To analyze the array of protein intensities on the gels, we applied log transformation and quantile normalization to minimize the variation generated under experimental conditions (e.g., the gel staining process, the washing process, amount of protein applied to the gel, and the systemic errors generated in a specific day) as we have described previously (50) . Proteins altered by age and/or CR were then determined significant at an adjusted p value , .01. A total of 2061 mitochondrial proteins from the three tissues (795 for liver, 757 for heart, and 509 for skeletal muscle) were studied. The total proteins analyzed in this study represent approximately 20%-40% of total mitochondrial proteome, based on (i) the estimated number of proteins found in a mitochondrion (47) , and (ii) the contamination of nonmitochondrial proteins. Of the three tissues studied, the liver showed the greatest number of mitochondrial proteins that changed significantly with age, Figure 3 . Levels of mitochondrial proteins in liver that are differentially regulated with age and/or caloric restriction (CR). Graph shows the 30 liver mitochondrial proteins that changed significantly with age and/or CR. The 25 proteins that changed with age in ad libitum-fed rats are shown by the numbers that are not highlighted with a square or circle. *, 18 proteins that also were significantly different for young ad libitum and old CR rats. The five proteins that were significantly different for only young rats fed ad libitum and old CR rats are circled, and the protein that changed with age and is significantly different in old rats fed ad libitum and given the CR diet are shown with a square. The intensities of the protein spots that were subjected to logarithmic transformation and quantile normalization as described in the Materials and Methods section are plotted showing the mean and standard error of the mean of data collected from nine young rats fed ad libitum (white bars), 10 old rats fed ad libitum (black bars), and 10 old rats fed a CR diet (gray bars).
e.g., 3.1% of the liver mitochondrial proteins were shown to change with age compared to 0.4% for heart and 1.0% for skeletal muscle. Interestingly, the majority of mitochondrial proteins that changed significantly with age were found to increase. For example, of the total changes observed in all three tissues, 76% of the mitochondrial proteins increased with age, compared to 24% of the proteins that showed a decrease with age. The number of mitochondrial proteins increasing (or decreasing) with age varied considerably from tissue to tissue. In liver, 76% of the proteins analyzed increased with age, compared to 33% for heart, and 100% for skeletal muscle. When the identities of the mitochondrial proteins that changed with age were determined by MS, we found that none of the mitochondrial proteins that changed significantly with age did so in all three tissues studied. In fact, no common mitochondrial proteins were found to change significantly in any two tissues. Thus, it appears that the effect of age on the mitochondrial proteome is tissue specific. However, it is important to note that the statistical approach we used is very conservative (adjusted p value , .01), and was chosen to minimize selecting proteins that did not change with age, that is, false positives. In addition, although we based our sample size for each group on our previous methodological studies on the repeatability, stability, and dose response for mitochondrial proteins using the 2-D PAGE system (50), the variability in the current samples may have exceeded the variability observed in our methodological studies. A post hoc power analysis based on the variability observed in the current samples shows that we had 80% power to detect a significant 2-fold difference for 182/795 liver mitochondrial proteins, 15/757 heart mitochondrial proteins, and 4/517 skeletal muscle mitochondrial proteins. These calculations are based on a Bonferroni adjusted p value, which is far more conservative than the False Discovery Rate (FDR) method used in our analyses. However, the calculations suggest that our comparisons for heart and skeletal muscle may have been underpowered. Plots of the observed log 2 fold differences against the average intensity for each comparison, however, revealed that only 2%-5% of the proteins showed a 2-fold or greater difference among the three experimental groups. Taken together, these observations suggest that the statistical approach we used in this study could miss proteins that might change with age or CR that could not meet the statistical rigor we used. Thus, if we relax the criterion for statistical analysis, which would result in an increase in false positives, we may detect common mitochondrial proteins and pathways affected by age in these three tissues. It also should be noted that the 2-D PAGE system used to separate the mitochondrial proteins resulted in our analysis of a protein population enriched in soluble proteins and depleted in membrane-bound proteins because hydrophobic proteins have limited solubility in the aqueous buffers used for isoelectric focusing (54) . In addition, as with most global analyses, the more abundant mitochondrial proteins were studied in these experiments.
Because CR has been shown to increase the life span of rodents by retarding aging (39) and because CR has been observed to retard or reverse the age-related changes observed in most pathophysiological processes in rodents Figure 4 . Levels of mitochondrial proteins in heart that were differentially regulated with age and/or caloric restriction (CR). Graph shows the 10 heart mitochondria proteins that changed significantly with age and/or CR. The three proteins that changed with age in ad libitum-fed rats are shown by the numbers that are not highlighted with a square or circle; all three proteins in this group were significantly different for young ad libitum-fed and old CR rats. The three proteins that changed only between young rats fed ad libitum and old CR rats are circled. The four proteins that are significantly different in old ad libitum-fed and old CR rats are shown with a square, and the two proteins in this group that also are significantly different for young ad libitum-fed and old CR rats are shown with an asterisk in the square. Intensities of protein spots that were subjected to logarithmic transformation and quantile normalization as described in the Materials and Methods section are plotted showing the mean and standard error of the mean of data collected from 8 young rats fed ad libitum (white bars), 9 old rats fed ad libitum (black bars), and 10 old rats fed a CR diet (gray bars).
(6), including changes in mitochondrial function (14, 37, (44) (45) (46) , we were interested in determining the effect of CR on the age-related changes in mitochondrial proteins of rodent liver, heart, and skeletal muscle. Recent studies using gene arrays have shown that CR completely prevented the agerelated change in 29%, and partially suppressed 34% of the genes that changed with age in gastrocnemius muscle (54) . One of the unexpected findings from our study was that CR had very little effect on the age-related changes in the mitochondrial proteome. For example, of the total of 33 proteins observed to change with age, CR significantly prevented or retarded the age-related change in only one mitochondrial protein, and this occurred in mitochondria isolated from liver. This protein is 10-formyltetrahydrofolate dehydrogenase, which increased 68% with age. CR completely prevented the age-related increase in the level of 10-formyltetrahydrofolate dehydrogenase, that is, the levels of the dehydrogenase were similar in CR rats 24-25 months of age and rats at 6-7 months of age fed ad libitum. 10-Formyltetrahydrofolate dehydrogenase converts 10-formyltetrahydrofolate (10-formyl-THF) to tetrahydrofolate through either an NADP þ -dependent dehydrogenase reaction or an NADP þ -independent hydrolase reaction (55). The precise metabolic role of 10-formyltetrahydrofolate dehydrogenase in the liver is not completely clear. Because 10-formyl-THF is involved in de novo purine biosynthesis, it is believed that 10-formyltetrahydrofolate dehydrogenase converts excess 10-formyl-THF from the de novo purine pathway back to the THF pool (56) . Upregulation of 10-formyltetrahydrofolate dehydrogenase with age may result in diminished levels of 10-formyl-THF, which is a substrate for two reactions of de novo purine biosynthesis. Thus, reduced levels of 10-formyl-THF might lead to diminished DNA and/or RNA biosynthesis and possibly to decreased DNA repair capability, thereby leading to an accumulation of DNA damage.
Although CR significantly reversed the age-related change in only one of the 2061 mitochondrial proteins studied (hepatic 10-formyltetrahydrofolate dehydrogenase), CR significantly affected the expression of several mitochondrial proteins in the heart and skeletal muscle. For example, CR reduced the levels of acyl coenzyme A (CoA) acetyltransferase 2 and L-3-hydroxyacyl CoA dehydrogenase (both involved in fatty acid metabolism), isocitrate dehydrogenase, and creatine kinase, even though these proteins showed no significant change with age. Interestingly, 2 of 4 proteins decreased by CR are involved in fatty acid beta-oxidation. Enoyl-CoA hydratase, another protein involved in fatty acid beta-oxidation, decreased with CR, although the decrease was not statistically significant. Isocitrate dehydrogenase, which is involved in the tricarboxylic acid (TCA) cycle, increased significantly with CR, and another protein identified as isocitrate dehydrogenase, was increased by CR; however, the increase of the latter enzyme was not significant. These enzymatic changes may represent a metabolic shift by CR of an energy substrate preference from fatty acids to glucose. Such a shift may be beneficial, because glucose generates more ATP per oxygen consumed than does hexanoic acid from fatty acids (57) . In addition, it has been reported that the contractile performance of the heart is greater at a given rate of oxygen consumption when glucose is used as a metabolic substrate, Figure 5 . Levels of mitochondrial proteins in skeletal muscle that were differentially regulated with age and/or caloric restriction (CR). Graph shows the seven skeletal muscle mitochondria proteins that changed significantly with age and/or CR. The five proteins that changed significantly with age in ad libitum-fed rats are shown by the numbers that are not highlighted with a square or circle; * three proteins in this group that also are significantly different for young ad libitum-fed and old CR rats. Two proteins that are significantly different for only young rats fed ad libitum and old CR rats are circled, and the protein that shows a significant difference between old ad libitum-fed and old CR rats is shown with a square. Intensities of protein spots that were transformed to logarithm and quantile normalization applied as described in the Materials and Methods section are plotted showing the mean and standard error of the mean of data collected from 10 young rats fed ad libitum (white bars), 10 old rats fed ad libitum (black bars), and 10 old rats fed a CR diet (gray bars).
as opposed to the use of fatty acids (58) (59) (60) . Recently, impaired carbohydrate oxidation and increased fatty acid metabolism have been associated with heart failure (61), and this observation is supported by a dog study indicating that pharmacological repression of cardiac fatty acid oxidation improved the mechanical efficiency of the left ventricle (62) . Therefore, the ability of CR to decrease fatty acid betaoxidation in the mitochondria may contribute to the prevention of age-associated heart disease.
As noted above, we found that age altered more proteins in liver than in the two other tissues studied. As can be seen from Table 1 , 21 of the mitochondrial proteins from liver that changed with age were found to be involved in amino acid metabolism (glutamate dehydrogenase and ornithine transcarboxylase), in the TCA cycle (malate dehydrogenase and a protein similar to succinyl CoA synthase), in respiration (choline dehydrogenase, ATP synthase gamma, which is similar to electron transfer flavoprotein, beta), and in chaperone function (heat shock protein 60 and prohibitin). An increased level of proteins involved in amino acid metabolism, TCA cycle, and respiration may reflect an increased need for energy production in the liver by increasing the flux through amino acid metabolism, the urea cycle, and the TCA cycle to generate energy by the breakdown of amino acids and carbohydrates, and to reallocate available metabolic resources. In addition, we found that heat shock protein 60 was upregulated with age in liver. Heat shock protein 60 is a mitochondrial chaperonin that is essential for protein folding and the import of proteins into the mitochondrion (63) , and is proposed to play a protective role against oxidative damage (64, 65) . The upregulation of heat shock protein 60 in liver may therefore reflect increased oxidative stress in the mitochondria of old animals. Moreover, prohibitin was observed to increase with age. Notes: The identities of the proteins in the spots from liver mitochondria that changed significantly with age and/or calorie restriction (CR) are given (Swiss-Prot database; http://ca.expasy.org/sprot/). The changes with age or CR are shown as a ratio of old ad libitum-fed rats (OAL) to young ad libitum-fed rats (YAL), OAL to old CR rats (OCR), or OAL to OCR. ATP ¼ adenosine triphosphate; CoA ¼ coenzyme A.
*Proteins annotated as nonmitochondrial proteins. ySpots with multiple proteins.
Recently, prohibitin was implicated in regulating assembly of respiratory enzyme complexes and in functioning as a mitochondrial chaperone (66) . It is reported that an imbalance in respiratory enzymes by the inhibition of mitochondrial protein synthesis increases the level of prohibitin in human HepG2 hepatocytes (67) . In the same study, the authors indicate that prohibitin did not respond to oxidative stress (exposure to hydrogen peroxide); however, the data were not shown in that study. Taken together, the observations of an alteration in the 10-formyltetrahydrofolate dehydrogenase level with age and CR, along with an increased prohibitin level with age, suggest that these changes may be associated with an imbalance of respiratory chain complexes. This imbalance is probably caused by agerelated alterations in purine biosynthesis, which ultimately could lead to alteration of mitochondrial respiratory complexes. The data presented here represent the first comprehensive investigation of the effects of aging and CR on the mitochondrial proteome. A total of 2061 proteins isolated from liver, heart, and skeletal muscle mitochondria were analyzed using a high-resolution 2-D PAGE system. Of the 2061 proteins analyzed, 33 were altered by either age or CR, some increasing and some decreasing. It should be pointed out that very stringent statistical criteria (e.g., p , .01) were used for determination of spot intensity changes to minimize the false detection rate. It is possible that additional proteins, the expressions of which are altered by age and/or CR, may be detected when the data are reanalyzed at a lower degree of statistical stringency (e.g., p , .05). Of the 30 proteins found to be altered by either age or CR, only one protein (hepatic 10-formyltetrahydrofolate dehydrogenase) was altered by age with its age-related decline being reversed by CR. Furthermore, no one mitochondrial protein was found to change with either age or CR in all three tissues examined. Thus, our data suggest that the effect of age appears to be tissue specific and that CR may well affect a relatively limited number of mitochondrial proteins. Notes: The identities of the 10 proteins from heart mitochondria are given (Swiss-Prot database; http://ca.expasy.org/sprot/). The changes with age or calorie restriction (CR) are shown as a ratio of old ad libitum-fed rats (OAL) to young ad libitum-fed rats (YAL), OAL to old CR rats (OCR), or OAL to OCR.
*Proteins annotated as nonmitochondrial proteins. ATP ¼ adenosine triphosphate; CoA ¼ coenzyme A. Notes: The identities of the seven proteins from skeletal muscle mitochondria are given (Swiss-Prot database; http://ca.expasy.org/sprot/). The changes with age or calorie restriction (CR) are shown as a ratio of old ad libitum-fed rats (OAL) to young ad libitum-fed rats (YAL), OAL to old CR rats (OCR), or OAL to OCR.
*Proteins annotated as nonmitochondrial proteins.
